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Introduction
The smooth motion of synovial joints has intrigued scientists for years. This has inspired work to understand the nanomechanical properties of the hierarchical and nanostructured cartilage surface [1] , identify the important biolubricants [2] , and develop biomimetic lubricants that can provide low friction and high load bearing capacity between sliding surfaces in aqueous solutions [3, 4] . It is now well understood that key biolubricants include phospholipids, hyaluronan [5, 6] , and glycoproteins (like lubricin) with an overall bottle-brush structure [7] . We suggest that the outstanding performance of the synovial joint is not due to the properties of any single biolubricant, but the key is to understand synergism in mixtures containing the different components [2, 8, 9] . In this report we focus on two components, hyaluronan and dipalmitoylphosphatidylcholine, but emphasize the natural biolubrication system is significantly more complex and utilizes also other biolubricants.
Hyaluronan is a linear anionic polysaccharide present in the synovial fluid at a concentration of 1.4-3.1 g/L [10] . It consists of repeating D-glucuronic acid and N-acetyl-glucosamine units connected via alternating b 1 , 3 and b 1 , 4 glycosidic bonds. The pK a of D-glucuronic acid is about 3.3 [11] . Hyaluronan alone does not provide any exceptionally low friction force between model surfaces [12] . However, in association with phospholipids, hyaluronan is a potent lubricant [13] . Dipalmitoylphosphatidylcholine, DPPC, is an abundant saturated phospholipid found in the synovial fluid [14, 15] . The phase transition temperature for DPPC in contact with bulk water is 41°C. Above this temperature DPPC is in the liquid crystalline phase and thus the acyl chains are fluid-like, whereas below this temperature they are solid-like in the gel phase. A ripple phase has also been reported to exist between the gel and liquid crystalline phases [16] . Recently, the structure of DPPC bilayers deposited at the silica-aqueous interface was characterised both in the fluid and gel state using X-ray reflectivity measurements [17] . We have previously shown that sequential adsorption of DPPC and hyaluronan can build a composite layer that allows a large amount of phospholipid to be present on the surface, and this layer provides low friction and high load bearing capacity on silica surfaces [6] .
It is, however, difficult to see how sequential adsorption would occur in a biological environment. It is more likely that the components forming the adsorbed layer will be present in the solution and may form self-assembly aggregates that attach to the surface. In this work we explore the adsorption and lubrication performance of self-assembled aggregates, by studying adsorption from a 155 mM NaCl solution containing equal mass concentrations of hyaluronan and DPPC onto silica surfaces. The self-assembly structure formed in mixed hyaluronan and DPPC vesicle solutions was investigated by small angle X-ray scattering. The adsorption process was monitored by QCM-D, and the morphology of the layer was probed by AFM imaging. Surface and friction forces were determined with the AFM colloidal probe technique. We found that the layers formed by adsorption from mixed DPPC/hyaluronan solutions were less well ordered than the DPPC bilayers formed in absence of hyaluronan. However, the mixed layers were able to sustain high loads and sliding was characterized by a very low friction coefficient. It was also noted that low friction was recovered after structural rearrangements induced by the combined action of load and shear, suggesting a self-healing ability.
Materials and methods

Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Avanti Polar Lipids (catalogue No. 850355P, Avanti, USA) in powder form and used as received. Hyaluronan with an average molecular weight M w of 6.2 Â 10 5 g/mol was a kind gift from Novozymes (Denmark), and the molecular weight distribution, M w /M n = 1.9, was characterized by means of asymmetric flow flow-field fractionation, AFFFF by Postnova analytics GmbH. Sodium chloride (ACS reagent, assay P 99.0%) and chloroform (ACS assay P 99.5%, catalogue No.C2432) were purchased from Sigma-Aldrich (USA). The water used in all experiments was purified by a Millipore system consisting of a Milli-Q Integral 15 unit, including a final 0.22 lm Millipak filter. The purified water had a resistivity of 18.2 MX cm at 25°C, and the total organic carbon content was less than 3 ppb. Silicon wafers with a 100 nm thick SiO 2 layer (Wafernet, Germany) were used as flat substrates in AFM studies. They were, prior to experiment, cut into size of 13 Â 13 mm 2 , and then cleaned by immersion into 2% Hellmanex solution (Hellma, USA) for 30 min. Next, they were rinsed with large amount of Milli-Q water, and dried with a gentle nitrogen flow before being stored in a clean and sealed environment.
Preparation of solutions
For the SAXS and the surface sensitive measurements two different solution preparation protocols were used. The reason for this is that higher lipid concentration is needed for SAXS measurements to yield a good signal-to-noise ratio, and for such measurements the extrusion method was used. Here, DPPC powder was dissolved in chloroform in a small glass vial. Subsequently the solvent was evaporated under a gentle nitrogen flow in order to form a thin lipid film on the glass walls. In order to remove any residual chloroform the vial was placed in a vacuum oven over night (55°C, 0.1 mbar). 155 mM NaCl solution was added to have a DPPC concentration of 8 mg/mL. The mixture was vortexed and placed in a thermostat shaker for 2 h (55°C, 300 rpm). Afterwards the solution was passed 35 times through an Avanti mini extruder fitted with a membrane with a pore size of 50 lm. The whole preparation was done at 55°C, which is well above the phase transition temperature. After this the vesicles were mixed with a hyaluronan solution to yield the final solution with equal hyaluronan and DPPC concentrations of 4 mg/mL.
For the surface sensitive measurements DPPC vesicles were prepared by the sonication method [18] . First the desired amount of DPPC powder was dissolved into a small amount of chloroform (%0.5 mL). The solvent was then evaporated under a gentle nitrogen flow by rotary evaporation in order to form an even and thin lipid film on the bottle walls. A water jet pump was used to remove any residual chloroform. Next, a 155 mM NaCl solution was added to give a DPPC concentration of 1 mg/mL and the mixture was vortexed for 2 min and then allowed to stand for 1 h at 55°C. This solution was placed into an ultrasonic bath (Bandelin Sonorex Digitec, output power 640 W) and sonicated until the dispersion became totally clear. The temperature was kept at 55°C during the whole preparation process. The average hydrodynamic diameter of the vesicles in 155 mM NaCl containing 0.5 mg/mL DPPC was determined by dynamic light scattering and found to be around 110 nm [6] . Hyaluronan solutions (1 mg/mL) in 155 mM NaCl were prepared one day before the experiment to ensure complete dissolution, and these solutions were stored in a refrigerator. The DPPC and hyaluronan mixture was blended by gently vortexing at 55°C for 30 min to give a solution containing equal DPPC and hyaluronan concentrations of 0.5 mg/mL. The pH of the mixed solution was measured to be 6.3 ± 0.2. All experiment preparations were done at 55°C, where the phospholipid chains are in fluid state.
Instruments and methods
Small angle X-ray scattering (SAXS)
The SAXS measurements were performed at the P12 BioSAXS beamline, PETRA III (EMBL/DESY), Hamburg, Germany. The samples were put in capillaries with a diameter of 1.5 mm and wall thickness 10 lm. The used photon energy was 13 keV. A Linkam heating stage was used for controlling the sample temperature. All measurements were performed at 55 ± 0.1°C. Measurements of the buffer were used as background and were subtracted from the data. Data have been normalized to transmitted beam [19] . The scattering from the lipid vesicles was modelled by an approach developed by Pabst et al. [20] , where the scattered intensity I is described as:
where q is the wave vector transfer which is related to the scattering angle 2/ and photon wavelength k by q = 4psin(/)/k. However, this model only accounts for symmetric lipid vesicles whereas in our case one could expect the presence of asymmetric vesicles (vesicles surrounded by a bound hyaluronan layer). Thus, we have modified the formula to account for asymmetric structures. We have omitted the structure factor, S(q), which accounts for the presence of multilamellar vesicles and have instead used two form factors, F|(q)| 2 ; one for a bilayer structure only (unilamellar vesicles) and one for a double bilayer structure. This approach is valid since evaluation of the data showed that only unilamellar and double bilayer structures were present. This simplification of the model made it easy to introduce a further term to account for the asymmetry due to the presence of a hyaluronan layer. Thus the electron density q Vesicle-HA of the asymmetric vesicle structure taken for calculation of F(q) is modelled as:
where q s and q d denote the electron density of the single and double bilayer structure, respectively. The relative electron density of the hyaluronan layer is given by q rHA and z denotes the position.
A detailed compilation of the formula is given in the supporting information.
Quartz Crystal Microbalance with Dissipation (QCM-D)
A quartz crystal microbalance with dissipation monitoring (Q-sense E4, Biolin Scientific, Sweden) was employed to follow adsorption from mixed DPPC/hyaluronan solutions onto AT-cut silica sensors (QSX303, fundamental frequency of 5 MHz, Biolin Scientific, Sweden). The sensors were cleaned by immersion into 2% Hellmanex (Hellma, USA) solution for 30 min, followed by rinsing with a large amount of Milli-Q water. The sensors were subsequently dried using gentle nitrogen flow. The solutions were injected into the measuring chamber by an integrated pump using a flow rate of 150 lL/min. The adsorption was followed at a temperature of 55°C by monitoring changes in resonance frequency, Df, and dissipation factor, DD. The latter quantity describes the coupling between the sensor and its environment. The data were evaluated using either the Sauerbrey [21] or Voigt [22] model. The Sauerbrey model is applicable when the dissipation is small (normally less than 10 À6 ), whereas the Voigt model is utilised for more dissipating surface layers. In the Voigt model the total stress acting on the film is modelled as an elastic and viscous element coupled in parallel:
Here G 0 and G 00 are the storage and loss modulus respectively, l is the shear elasticity, g the shear viscosity, f the frequency, and j = p À1, as described in more detail elsewhere [22, 23, [24] [25] [26] .
Changes in frequency and dissipation recorded for several overtones need to be used when analysing the data, and in this study the 3rd, 5th, and 7th overtones were used. A reasonable value for the layer density (q 1 = 1030 kg/m 3 ), and the known values of bulk viscosity (g = 5 Â 10 À4 kg/(sm)) [26] , and bulk density (q 2 = 986 kg/m 3 ) [27] at the measurement temperature were used to calculate the sensed mass of the layer. We note that this quantity includes the mass of adsorbed DPPC and hyaluronan, as well as the mass of the water that is hydrodynamically coupled to the layer.
AFM force and friction measurement
Forces acting between a silica surface and a silica particle carrying adsorbed layers formed by adsorption from the DPPC/ hyaluronan mixture were measured by employing a Multimode Nanoscope III Pico Force atomic force microscope (Bruker, USA). Rectangular tipless cantilevers (CSC12-F, MikroMasch, Estonia) with approximate dimensions of 250 lm in length and 35 lm in width were used in the experiments. The normal (k N ) and torsional (k U ) spring constants were determined by utilising the AFM tune IT v2.5 software (Force IT, Sweden) and the thermal noise method [28, 29] . A silica particle with a diameter of about 19 lm was glued on top of the cantilever using a two-component epoxy resin (Huntsman, UK), an Eppendorf Micromanipulator 5171 and a Nikon Optiphot 100S reflection microscope. The size of the colloidal probe was determined with the same microscope. Cantilevers with glued particles were cleaned by UV irradiation for 15 min (output 14.76 mW/cm 2 , BioForce, US) just before use. The experiments were performed in liquid environment inside a fluid cell (MTFML, Bruker, USA, volume % 100 lL). Care was taken to ensure that the cantilever deflection never exceeded the range where the detector response is close to linear [30] . The desired temperature (47°C) was obtained by using a heating controller (Veeco, USA), and the surface temperature that corresponded to a given set temperature was determined using a calibration procedure as described previously [5] .
AFM imaging
A Dimension FastScan (Bruker, USA) was utilised for recording topographical images of adsorbed layers on silica formed from DPPC/hyaluronan mixtures in 155 mM NaCl at 47°C. Peak Force Tapping mode was employed for these measurements. A silicon nitride cantilever (Scan Asyst Fluid +, spring constant 0.6 N/m, tip radius 5 nm, Bruker) was used for imaging. The value of the spring constant was determined as described above. A low peak force of 400 pN was used to image the soft adsorbed layer. The experiments were executed in a fluid cell in the following manner: First, the DPPC/hyaluronan mixture was injected and incubated for 40 min. Next a 155 mM NaCl solution was injected to remove nonadsorbed DPPC and hyaluronan. After rinsing, several images were captured at different positions.
Results and discussion
In the following, we initially discuss the adsorbing structures that are present in the solution as revealed by SAXS measurements at 55°C. Next, we report the adsorption from the DPPC/hyaluronan mixture onto silica as monitored by QCM-D. Thereafter, we describe the topography of the adsorbed layer based on AFM imaging, and then present the surface and friction forces acting between such adsorbed layers. These measurements were carried out at 47°C. At both 55°C and 47°C the acyl chains of DPPC is in the fluid state, and the lower temperature in the AFM measurements was chosen due to instrumental restriction.
Hyaluronan/DPPC vesicle association structures in bulk solution
The structures formed in bulk solution were characterised by SAXS studies of 150 mM NaCl solutions containing DPPC vesicles, hyaluronan, and a mixture of hyaluronan and DPPC vesicles.
Hyaluronan solutions were studied at three different concentrations and the results are shown in Fig. 1 . Two asymptotic decays are observed in the solution containing 1 mg/mL hyaluronan. At low q-values a decay typical for a polymer coil is seen and the form factor decreases as I(q) $ q À2 . At higher q values the scattering is dominated by smaller length scales and, thus, by the local structure of the polymer chain. Therefore, a crossover to an asymptotic decay proportional to q À1 is observed, which is typical for a local rod-like structure [31] . From the location of the crossover at q ⁄ = 0.118, the persistence length, L, can be estimated by the relation L = 6/(pq ⁄ ), yielding a value of 16 nm [31] . This value is in accordance with values found in the literature [31] . With increasing hyaluronan concentration the slope of the scattering curve changes. This is due to overlap of the isolated chains, which leads to formation of an entangled network [32, 33] . Thus, the scattering signal is no longer dominated by the signal from the single chains.
The SAXS data for pure vesicles with a concentration of 4 mg/mL are shown in Fig. 2 . It has the typical shape for a vesicle in the observed q-regime. Two characteristic humps at q $ 1 nm À1 and q $ 1.8 nm À1 can be seen, which is a clear sign that the vesicles are not only unilamellar. From the detailed fitting we could estimate that some double bilayer vesicles are present. This is accounted for in the evaluation of the data. Fig. 3 shows the relative electron density profiles obtained by the fitting. The parameters used are reported in Table 1 . The distance between the head groups of the DPPC bilayer is evaluated to be 3.6 nm, which is in good agreement with values reported in the literature [34] . Fig. 2 also includes scattering curves of vesicles mixed with hyaluronan. From the comparison of the scattering data of vesicles with and without hyaluronan it can be directly concluded that the repeat distance of the lamellae does not change in presence of hyaluronan. Only a small decrease in the width of the oscillation is present, indicating a broader width of the vesicle outer shell in the presence of hyaluronan; see also Fig. S3 in the supporting information. This data set was modelled with the asymmetric bilayer model as described in the experimental section, Eq. (2). The values extracted from the modelling are given in Table 1 . Here the parameters obtained for the vesicles in absence of hyaluronan were fixed and used for the lipid structure also in presence of hyaluronan. Thus, only the additional hyaluronan layer was fitted, yielding good agreement with the data. For comparison the data obtained from the hyaluronan/DPPC vesicles was also modelled without an additional layer of hyaluronan, but this resulted in worse agreement between experiment and model as shown in Fig. S4 of the supporting information. This observation, together with the fact that a satisfactory fit could be achieved by just adding an additional layer that accounts for hyaluronan, is a strong indication that our proposed model of hyaluronan binding to the outer shell of the DPPC vesicles is valid. Furthermore, DLS measurements reported in a previous study suggest that addition of hyaluronan to a DPPC vesicle solution results in an increased hydrodynamic size of the vesicles [6] , which is consistent with our finding with SAXS that hyaluronan adsorbs to the outer surface of the vesicles. However, the amount adsorbed is small, suggesting that the surface of the vesicle is not fully covered by hyaluronan.
Adsorption from DPPC/hyaluronan mixtures
The adsorption of DPPC vesicles on silica crystal surfaces has been reported in our previous articles [5, 6] . We noted an initial peak in frequency and dissipation change after DPPC vesicles injection, indicating adsorption of vesicles followed by vesicle rupture. After vesicle breakup the frequency change was found to be around À25 Hz and the dissipation increase was less than 1 Â 10 À6 , consistent with DPPC bilayer formation. In this study, as is shown in the data presented in Fig. 4a , we observe a similar rapid decrease in frequency by À25 Hz after injection of the DPPC/hyaluronan mixture. This suggests that initially a DPPC bilayer forms on the surface, which is consistent with our previous study [6] . However, adsorption does not stop here, but both the magnitude of Df and DD continue to increase with time in a close to linear fashion. The adsorption was allowed to continue for about 100 min, but no tendency of surface saturation was observed. During the rinsing phase, which lasted for 20 min, the frequency and dissipation changes were small, suggesting limited desorption. A second adsorption step was then initiated by injecting the DPPC/hyaluronan mixture again. This resulted in a close to linear change in Df and DD with time, demonstrating continued adsorption.
The dissipation change is plotted versus frequency change in Fig. 4b . Here we only use data from the first adsorption step after the bilayer has formed. A close to linear relation is obtained suggesting that no significant stiffening of the outer layer occurs as the adsorption proceeds. Also shown in Fig. 4b is data from a sequential adsorption experiment where hyaluronan is allowed to adsorb to a preformed DPPC bilayer. In this case the DD vs Df curve increases sub linearly, which suggests that the layer stiffens due to repulsive interactions between adsorbed hyaluronan molecules. We also note that for a given value of Df > 5 Hz, the value of DD is significantly larger for the layer formed from the DPPC/hyaluronan mixture compared to that formed by hyaluronan adsorption on pre-adsorbed DPPC. This suggests that the structures formed by adsorption from the mixture are more extended and viscoelastic.
The sensed mass, which includes the mass of the adsorbing species and associated water, for each adsorption step was calculated, and the results are reported in Table 2 . We note that for the initial bilayer formation the Sauerbrey model is appropriate due to the small change in dissipation value. However, large changes in DD are observed for the other two adsorption steps, invalidating the Sauerbrey approach. Thus, for these steps we utilised the Voigt model. We note that the sensed mass for the DPPC bilayer, 4.6 ± 0.1 mg/m 2 , is close to what has been obtained by adsorption from a DPPC solution containing no hyaluronan, 4.4 ± 0.2 mg/m 2 [5, 6] . In Table 2 we also include the state of the layer after 40 min of adsorption since this adsorption time was used for AFM imaging and measurements of surface forces and friction.
AFM imaging
The surface morphology of the layer formed by adsorption from DPPC/hyaluronan mixtures at 47°C is shown in Fig. 5 . The lateral size of the aggregates present on the surface varies considerably Table 1 Fitting parameters of the model used for evaluating SAXS data from DPPC vesicles. The width of the headgroup region is given by w H , which is the full width at half maximum, the width of the tail group region is w T , the position of the headgroup is z H (with z = 0 being defined to be in the middle of the DPPC bilayer), the contrast is q r , the spacing of the lamellar is d, the fraction of unilamellar vesicles is n, the scattering amplitude at q = 0 is A. For the additional HA layer the parameters are the contrast of the hyaluronan, q HA , the central position, z HA , and the width of the hyaluronan layer, in size. Some are considerably smaller than the hydrodynamic diameter of the vesicles found in bulk solution, which is about 140 nm [6] , whereas others are of this size. This observation suggests that at least some vesicles fractures on the surface. The low height of the surface features observed by AFM may suggest bilayer aggregates, but considering the soft nature of vesicles we expect considerable deformation during AFM imaging and we can thus not draw the conclusions that no intact vesicles reside on the surface as the height information does not reflect the extension of the aggregates when they are undisturbed by the AFM tip. Indeed, the force curves reported below provide evidence for the presence of some vesicle-like structures on the surface.
Surface forces
Some examples of force curves measured between silica surfaces after allowing adsorption to proceed for 40 min followed by rinsing with 155 mM NaCl are shown in Fig. 6 . Since the adsorbed layer is heterogeneous (see Fig. 5 ), there is also a variation between forces measured on different spots on the surface.
The typical surface interaction is a long-range repulsion of predominantly steric origin, which increases monotonically with decreasing separation as exemplified in Fig. 6a . This is distinctly different compared to the short-range repulsion observed between DPPC bilayers, and more reminiscent of the forces observed when first DPPC and then hyaluronan is adsorbed in sequence [6] . This Fig. 6 . Force normalised by radius as a function of separation between silica surfaces carrying an adsorbed layer formed from solutions containing 0.5 mg/mL DPPC and 0.5 mg/mL hyaluronan in 155 mM NaCl at 47°C. The adsorption was allowed to proceed for 40 min before rinsing with 155 mM NaCl, and the forces were recorded after rinsing. (a) Typical force curves recorded before friction (approach (j) and separation (h)) and after friction (inset). (b) Very long range repulsive forces noted on the first approach on one spot (j) before friction measurements. The forces recorded on first separation (h) are also shown. The inset shows the 10th force curve measured on approach (j) and separation (h) on this spot. (c) Force curve measured on approach (j) and separation (h) at the same spot as in panel b after friction measurements. Table 2 Frequency and dissipation changes recorded by QCM-D and calculated sensed mass for the different regions of the adsorption curve from a DPPC/hyaluronan mixture on silica as illustrated in Fig. 4a . The sensed mass of the DPPC bilayer was calculated using the Sauerbrey model, while for the two following adsorption steps the Voigt model was used.
Adsorption
Sensed suggests that hyaluronan constitutes the outermost layer, which is consistent with the finding that hyaluronan binds to the outer surface of DPPC vesicles, and with previous X-ray reflectivity studies [35] . The structure of the soft DPPC/hyaluronan layer is affected by the friction measurements and these are reported in the next section. In particular, the range of the steric repulsion is decreased after shearing. In the example of Fig. 6a the range of the steric force prior to friction measurements was 60 nm, decreasing to about 40 nm after friction measurements (inset in Fig. 6a ). This indicates removal of some of the adsorbed material during the combined action of load and shear. In contrast, no clear evidence of disruption of layer due to consecutive normal force measurements is observed as illustrated in Fig. S5 of the Supplementary Information.
The presence of large aggregates on the surface affected force measurements on a few spots. The most dramatic example is shown in Fig. 6b . Two sets of force curves have been depicted: the approach and separation curves of the first surface force measurement, and those of the 10th measurement (inset). A very long-range repulsive force (up to 300 nm) could be observed in the approach curve of the first force measurement, indicating the presence of a large aggregate. The force increases with decreasing separation until it suddenly returns to zero. We interpret this as deformation of the aggregate followed by a sudden rearrangement into another structure. The process repeats as the separation is decreased further, and another force maximum is experienced followed by a rearrangement within the adsorbed layer. Less dramatic changes in layer structure is observed upon consecutive force measurements as exemplified by the 10th surface force measurement reported in the inset of Fig. 6b . Upon compressions a few small steps are noted, where each step size roughly corresponds to the thickness of a DPPC bilayer. Thus, the large aggregate that initially was present on the surface is being transformed into a multilayer structure by consecutive compressions. We note that similar structural forces have been observed in synthetic polyelectrolyte-surfactant systems [36] [37] [38] .
The force curves measured after friction measurement on the spot corresponding to the data reported in Fig. 6b are shown in Fig. 6c . The long-range repulsive force observed prior to friction measurements (Fig. 6b ) is now absent. Instead, the force curves measured are similar to those determined after friction measurements on a typical spot ( Fig. 6a, inset) . Clearly, the range of the repulsive force is significantly larger in the case of the DPPC/ hyaluronan mixture than observed between DPPC bilayers formed in absence of hyaluronan [6] , and more similar to what is observed for sequential adsorption of DPPC and hyaluronan [6] . Thus, it can be concluded that the remaining layer after shearing is not a pure DPPC bilayer but more likely a DPPC bilayer with hyaluronan on top.
Friction forces
In the previous sections we have shown that adsorption from mixed solutions of DPPC and hyaluronan results in formation of an inhomogeneous layer, in stark contrast to the more even layers formed by sequential adsorption of these two components [6] . Intuitively, one could expect that the friction force would be large as two such rough surfaces are sheared against each other. However, the friction forces measured between the inhomogeneous layers formed from the DPPC/hyaluronan mixture instead turns out to be very low as shown in Fig. 7(a) . The average friction force and the standard deviation were obtained from about 96 friction loops at each normal load, carried out at three different spots. Within experimental uncertainty the same average friction vs. load curve were obtained on loading and unloading.
The maximum load used in this study can be converted to pressure using the Hertz model [39] , and it was found to be around 23 MPa. This is close to the critical pressure that a cartilage surface can withstand before it breaks under axial load [40] .
At low loads, up to a load of roughly 20 nN, Amonton's rule stating that the friction force, F f , is proportional to the normal load, F n , describes the data well.
Here l is the friction coefficient. The best fit to the data in this load regime, corresponding to the red 2 line in Fig. 7(a) , returns a value of the friction coefficient as low as 0.006. For comparison a dashed line corresponding to a friction coefficient of 0.01 is also shown in Fig. 7(a) . The low friction force obtained in this study is comparable to that reported for synovial joints [4] . That such a low friction force can be obtained between initially inhomogeneous surface layers strongly suggests that the layers rearrange under the combined action of load and shear, and transform into phospholipid (a) Friction force as a function of load between two silica surfaces carrying an adsorbed layer formed after 40 min adsorption from a 155 mM NaCl solution containing 0.5 mg/mL DPPC and 0.5 mg/mL hyaluronan, followed by rinsing (j). The temperature was 47°C. The solid line has a slope of 0.006 and the slope of the dashed line is 0.01. (b) Illustration of one of the three friction measurements depicting high friction force at a normal force of 10 nN upon loading. bilayer or multilayer structures separated by easily sheared water layers. This suggestion is supported by the difference in normal forces observed before and after friction measurements (see Fig. 6 ). It is the presence of strong hydration and entropic protrusion forces between DPPC bilayers [41] that stabilises a thin water layer and facilitates sliding with a low friction force. Low friction forces have also been reported for surfaces coated with DPPC bilayers [17, 6] and phospholipid liposomes [42] , and thus hyaluronan is not essential for achieving the low friction force. A study of friction between cartilage surfaces in presence of mixtures of DPPC, hyaluronan and lubricin has also been reported, and here the key role of the biomacromolecules was emphasised [43] .
An observation of interest, which occurred in some cases, is shown in Fig. 7(b) . At a given applied load, around 10 nN in the case shown, there is a sharp and transient increase in the obtained friction force value. We assign it to energy dissipation due to structural rearrangement induced by load and shear. Thus, just as disruption and rearrangement can occur during measurements of surface forces (Fig. 6b) , such structural rearrangements occur during friction measurements where they give rise to transient friction peaks. This phenomenon has also been reported for a system containing a cationic polyelectrolyte and an anionic surfactant [38] . When such a peak was observed, it was noted that out of the 16 scans performed at this particular load there were only 1-3 consecutive scans showing relatively high friction. This is the reason for high standard deviation at the load where the friction peak is observed. The transient high value of friction observed at the friction peak was not included in the average value reported in Fig. 7(a) .
It is important to note here that the layer is able to continue to provide low friction after the rearrangement that gives rise to the friction peak. This is distinctly different from that of a DPPC bilayer (without hyaluronan), which when compromised during a friction vs. load measurement remains in a high friction state during the rest of the measurement [17] . Thus, the DPPC hyaluronan mixture provides lubrication synergy as opposed to lone DPPC bilayers. The presence of hyaluronan allows accumulation of larger quantities of phospholipids at the interface. This facilitates return to a low friction state after disruption of the original layer structure under load and shear. We also note that DPPC and hyaluronan are not unique, but a similar lubrication self-healing has been reported for a mixture of a cationic polyelectrolyte and an anionic surfactant [38] .
In summary, hyaluronan associates with DPPC vesicles in bulk solution, and during adsorption to silica surfaces DPPChyaluronan aggregates form on top of a DPPC bilayer. Upon the combined action of load and shear these aggregates can be deformed and disrupted. However, the mixed adsorbed layer provides very low friction forces up to a pressure of 23 MPa, even though transient friction peaks are observed during layer rearrangements. It is imperative to stress that the presence of the DPPC/hyaluronan aggregates constitutes a surface bound reservoir for the phospholipid lubricant, which facilitates return to a low friction state after shear and load induced structural changes in the layer.
Conclusions
Biolubrication involves a range of molecular structures, including bottle-brush polymers such as mucins and lubricins as well as linear polysaccharides and low molecular weight phospholipids that work in synergy [2, 3, [4] [5] [6] 8, 9] . It has previously been shown that phospholipid liposomes [44] and sequential adsorption of DPPC and hyaluronan [6] result in layers that provide low friction force in aqueous media. However, in a fluid containing both DPPC and hyaluronan it is more likely that self-assembly structures first form in solution and then adsorb to the surface. In this work we explore the structure and lubrication performance of such layers. Our data on the solution structure of the hyaluronan/DPPC mixture indicates binding of hyaluronan to the outer shell of the DPPC vesicles. In this association process the vertical structure of the lipid bilayer is not changed and the spacing between bilayers is the same as in absence of hyaluronan. The data obtained by QCM-D suggests that a DPPC bilayer is rapidly established on the silica surface, and thereafter a slow adsorption of DPPC/hyaluronan aggregates follows. As a consequence, the layer formed by adsorption from the DPPC/hyaluronan mixture is inhomogeneous, in stark contrast to layers formed from DPPC solutions without hyaluronan and during sequential adsorption of DPPC and hyaluronan. Importantly, the inhomogeneous nature of the initially formed layer does not compromise the lubrication performance. Rather the aggregates are easily compressed and disrupted during surface force and friction measurements as shown by distinct force maxima ( Fig. 6 ) during compressions and transient friction peaks (Fig. 7) during shearing. Our data show that the layers readily transform to structures that promote low friction, suggesting phospholipid bilayer and multilayer structures containing easily sheared water layers. Indeed, the friction force between the layers formed by adsorption from DPPC/hyaluronan mixtures is very low and consistent with that found between DPPC bilayers [6] . In previous work low friction forces have also been reported for synthetic cationic polyelectrolytes exposed to anionic surfactants [38] . We note that the layers formed by adsorption of DPPC/hyaluronan self-assembly structures provide a lubrication advantage over that of DPPC alone by possessing self-healing ability. This is due to the presence of DPPC/hyaluronan aggregates on the surface that allows the build-up of a reservoir of the lubricating phospholipids on the solid surfaces. Clearly, the inhomogeneous DPPC/hyaluronan layer formed by adsorption of self-assembly structures of these components provides excellent lubrication, and if such layers are also present on natural surfaces, favourable lubrication properties can be expected. Further studies focusing on lubrication synergy between additional biolubricants would clearly advance our understanding of biolubrication processes.
